The presence of time delays in communication introduces a limitation to the stability of bilateral teleoperation systems. This paper considers internal model control (IMC) design of linear teleoperation system with time delays, and the stability of the closed-loop system is analyzed. It is shown that the stability is guaranteed delay-independently. The passivity assumption for external forces is removed for the proposed design of teleoperation systems. The behavior of the resulting teleoperation system is illustrated by simulations.
Introduction
Teleoperation systems enable humans to extend their capacity to manipulate interfaces with better safety, at less cost, and even with better accuracy. A typical teleoperation system is composed of five parts: a human operator, a master robot which is operated by the human operator, a slave robot, the environment interacting with the slave, and the communication channel between the master and the slave. The main objectives of control design for a bilateral system are the stability of the closed-loop system, position coordination between the master and the slave, and the haptic force display of environment to the human operator.
When there exist significant delays in the communication channel of the teleoperation system, one major issue is the stability of the system [1] . The passivity-based control approaches which are based on scattering theory [1] or wave variable [2] concept are widely used to design stable teleoperation system with time delays. These controllers render the communication link passive and, thus, guarantee stable bilateral teleoperation of any passive environment by any passive user; see [3] and the references therein. For passivitybased controlled teleoperation system, passivity assumption for external forces is required. However, in reality, it is not so easy to satisfy this assumption, and thus this control strategy has its own limitation in real applications.
Realizing the disadvantages in applying passivity-based control schemes in controlling teleoperation systems, we propose an alternative method in which internal model control (IMC) structure is introduced to linear teleoperation system design in this work. IMC was a well-established control strategy around the 1980s and its original configuration and several modified structures have been successfully applied to various applications from chemical processes to automotive systems (see [4] [5] [6] [7] and many references therein). The extension to nonlinear systems has also been reported as it shows attractive properties beyond linear system design [8] . Some intelligent methods were introduced to the modification of IMC structures and nonlinear extensions [9] [10] [11] [12] . Moreover, there have been some efforts on extending the IMC design method to nonlinear systems in the linear parameter varying (LPV) framework [13, 14] in recent years. The application of IMC in teleoperation systems is also not prior art. Hayn and Schwarzmann have employed IMC structure to design positions controllers for a teleoperation system with a hydraulic manipulator as the slave and a haptic device as the master [15] . However, the authors in [15] assume that no delay exists in the communication. The authors in [16] proposed an IMC design for teleoperation systems with time-varying delays, while, actually, it is a smith-predictorbased design of teleoperation systems. In this work, an IMCbased control structure for delayed teleoperation systems is 2 Journal of Robotics proposed and no restrictive assumptions are made on this structure. The passivity assumption is not required for the proposed control scheme.
The arrangement of the remainder of this paper is as follows. In Section 2 the system modeling and some preliminaries are given. In Section 3, a control architecture is given and its stability is analyzed in Section 4. A simple DOF teleoperation system is given as an example to show the effectiveness of the proposed method in Section 5. Finally, the summary and conclusion of this paper are given in Section 6.
Preliminaries
A single-DOF linear master/slave manipulator can be written as [17] 
where ,̇,̈are the joint positions, velocities, and acceleration values of the master and slave devices with = or representing master or slave robot manipulators, respectively. Similarly, , , are the effective mass, damping, and spring coefficients of the master and slave devices. External forces applied to the devices by the human operator and the environment are represented by ℎ , , respectively, while , stand for control signals.
For simplicity, the transfer functions of the master and the slave are given as follows:
In this work, the following assumptions are required.
Assumption 1.
The forward and backward delays through the communication channel denoted by 1 , 2 , respectively, are assumed to be constant, but of arbitrary value.
Remark 2. Assumption 1 is made for simplicity. The main results in this paper are also valid for teleoperation systems with time-varying delays. In Section 5, we also provide some simulation study for the case with time-varying delays.
IMC Structure for Teleoperation Systems
This section proposes an IMC-based control structure which guarantees the delay-independent stability of the closed-loop system. Let us start with the controller design process from one side of the teleoperation system, that is, from the master side, if no confusion arises. Inspired by the traditional IMC structure, we postulate the IMC structure for the master in Figure 1 where represents the master dynamics as in (2) and̃represents the model of the master manipulator. Note that the two-degree-of-freedom IMC structure [4] is utilized since the dynamic characteristics of the two inputs ℎ , are substantially different. To describe the transparency, the reference signal should be the signals from the slave. Considering the communication delay between the master and the slave, the reference is delayed; that is,
Obviously, the controllers 11 , 12 are an operator of , , respectively; that is, 11 (⋅) = 11 ( ( )) and 12 = 12 ( ( )). The human operator ℎ ( ) seems to be a kind of "disturbance" from the original IMC design interpretation; however, we may find that it should not be canceled in our design. The detailed discussion will be given later.
Analogically, the IMC structure for the slave side is depicted in Figure 2 , where 21 , 22 are linear operators of and ; that is, 21 (⋅) fl 21 ( ( )) and 22 (⋅) fl 22 ( ( )), and
The coordinating torques are given as
Equations (6) can also be represented by their -functions:
The control architecture is shown in Figure 3 .
Remark 3. From Figure 3 and compared with the classical IMC structure [4] , we may find that the external forces ℎ , are the "disturbances" according to the classical IMC interpretation. The difference is that these "disturbances" act on the master and the slave directly. In reality, these forces are kind of "excitation signals" and should not be canceled.
Remark 4. Actually, the output
, can be positions or velocities, or even the states of the master and the slave. In this paper, we assume that only the position is available for measurement; that is, = and = .
Stability Analysis
In this section, the stability of the closed-loop system is discussed. Let R, U be the Laplace transform of r, u; then the controllers (7) can be rewritten as
where
From the block diagram of the IMC structure shown in Figure 4 , the output y is related to the input w as
Since C(I −GC) −1 = (I − CG) −1 C, (10) can be rewritten as
When the system modelG matches the plant G perfectly, that is,G = G, one has
It can be seen that the internal stability is always ensured as long as a stable parameter C 0 ( ) = [ 11 ( ) 12 ( ) 21 ( ) 22 ( ) ] is used to control the stable plant G. Like the traditional IMC system, we have the following important property.
Theorem 5 (dual stability). Assume that the master/slave model and the master/slave manipulator dynamics match perfectly; that is, G ( ) =G ( = , ).
Then the stability of C 0 is sufficient for the stability of the overall closed-loop system. Remark 6. In the proposed control design, there are no passivity assumptions for human forces ℎ and environmental forces . These forces can be any bounded signals from the IMC interpretation.
Remark 7.
Actually, when G =G, the system is basically open loop. Hence this IMC-based design of teleoperation systems provides the open-loop advantages. When the perfect model is not available, that is, G ̸ =G, the overall system is a closed-loop system. Thus, the IMC control strategy has the advantages of both the open-loop and the closed-loop structures [18] . However, the stability condition for the case that G ̸ =G becomes complex, since the subdiagonal delays exist in C, and this will be a subject of ongoing research.
Remark 8.
For the case G =G, the benefit of this structure is that the communication time delays do not enter into the feedback channel. Hence the stability of the overall system can be simplified given the stable controllers 11 ( ), 12 ( ), 21 ( ), and 22 ( ). In another way, it means that this control structure can guarantee the stability of the overall system with the communication delays varying from 0 to arbitrary value. This implies a way to choose suitable 11 ( ), 12 ( ), 21 ( ), and 22 ( ) with sound performance.
Remark 9.
Theorem 5 is also applicable to teleoperation systems with time-varying delays since the communication delays do not enter into the feedback loop.
Simulation and Results
We consider a simple single-DOF teleoperation system with the dynamics (1) 
where ( ) is a rectangle signal depicted in Figure 5 , op = 3, and op = 200. The environmental force is chosen as ( ) = − env ( ) ( env = 400).
We first implement the control in Figure 3 assuming that there are no delays in communication channel and obtain the simulation results shown in Figures 7 and 8 . The chosen control parameters are represented by their step responses, which are depicted in Figure 6 . It can be seen that the master and the slave respond stably. As shown in Figure 7 , the slave's motion follows the master's quickly with no delay; however, there is a bit of oscillation in the position of the master, which means the control parameters could be better chosen. Even though the positions between the masters and the slaves achieve perfect tracking, there is static error between the human force and the environmental force (Figure 8 ). This error may not be canceled since the position tracking and the force tracking are two objectives which require trade-offs. Now we make simulations for the case when there exist delays in the communication channel. Let us firstly assume that the time delays in the forward channel and backward channel are symmetric; that is, 1 = 2 = 1 s. The system performance with the designed controller under this case is depicted in Figures 9 and 10 . It can be seen from Figure 10 that when the operator exerted the force to the master around = 1 s, the slave contacted the environment after the delay of 1 second and then received an active force . The (delayed) position tracking performance depicted in Figure 9 is similar to the one when there are no delays in the communication channel.
We furthermore make simulations for the system with sudden appearing communication delays and sudden disappearing communication delays (both around = 4 s), but the delays are symmetric. For simplicity, we only provide the position tracking performances which are depicted in Figures 11 and 12 . It is easy to see that the closed-loop system stays stable in this case. For the time interval with communication delays, the slave follows the master's motion after corresponding delays.
We further concern ourselves with the system's performance when the forward and backward communication delays are not the same. We decrease the forward communication delay to 0.5 s and increase the backward communication delay to 2 s and implement the control in Figure 3 with bounded stochastic communication delays. This means that our method is also valid for teleoperation systems with varying delays.
Conclusion
In this paper, we investigate the IMC-based control design of linear teleoperation system with communication delays. The stability of the overall system is guaranteed if the perfect model is available. This method removes the passivity assumption for external forces. Simulations of a single-DOF linear teleoperation system show that the stability is guaranteed when the designed controller is applied. Good tracking performance can be achieved if the parameters are chosen suitably. Extensions to the case when the models and the plants are not perfectly matched and to nonlinear teleoperation systems are under study and the research results will be reported in the near future.
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